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10. Description

Project objective is to develop advanced trajectory generation methods utilizing two recent advances — the
discovery of the “inter-planetary superhighway” (exact solutions of 3 body dynamics which asymptotically
wind on and off periodic orbits, and can be used for transport to widely separated regions of configuration
space), and low-thrust (electric ion) propulsion which enables larger cumulative delta V relative to chemical
rocket propulsion, but presents a challenging trajectory design problem due to potential orbit instability and
lack of control authority. Both technologies have been flight tested — the IPS concept was used to design the
trajectory for the Genesis mission (computing this trajectory as a solution to an optimal open loop problem
would have been very challenging without insights from nonlinear dynamics), and Deep Space 1 used ion
propulsion. The need for advanced trajectory generation methods arise in the early phase of mission design,
where a broad range of low-fidelity mission scenarios and associated trajectories can be surveyed, with
refined, increasingly accurate trajectories developed once decisions balancing science return and mission risk
have been made.

Our approach to the early phase of mission design is to use a probabilistic exploration of solutions to the
trajectory design problem (a constrained optimization problem where typically fuel cost is minimized with
constraints on maximum allowed time of the mission, the solution of which can be shown to satisfy a two-
point boundary value problem for a system of differential-algebraic equations, which are notoriously difficult
to solve numerically). We have developed methods to quickly generate promising trajectories using insight
from dynamical systems theory (the “IPS”) and assign a probability to these initial guess trajectories based
on their residual error (the trajectories are substituted into the differential algebraic equations associated with
the design problem to compute the error along the trajectory). We have been able to prove that as the
“entropy” of the probability of trajectory solutions is reduced (the volume of trajectories decreases), we will
be concentrated on sets of trajectories arbitrarily close to the optimal control solutions. This then justifies the
approach computationally — we can continue to probabilistically refine our entire ensemble of trajectories
allowing a broader collection of trajectories to be computed (with some target degree of accuracy for fixed
computational expense) before selecting a subset for follow-on high fidelity design.

Accomplishments for FY08: While the initial version of the code was developed and tested in FY07, we
have spent our efforts in FYO0S refining the generation of traiectories guided bv insight from dvnamical




systems theory, as well as refine the code to implement a Markov Chain Monte Carlo probabilistic search
through the space of trajectories. With regard to the former, we have developed a method of generating
interesting “waypoints” which addresses the challenge of trajectory design in the full 3 and 4 body problem:s.
Previous trajectories, such as for Genesis, were designed using Poincare sections to find intersections of the
invariant manifolds of the underlying 3 body dynamics (restricted to a plane), thereby locating potential
waypoints near a trajectory solving the science goals. It is non-trivial to extend this technique to higher
dimensional problems. We have implemented instead an approach where initial and final endpoints of the
trajectory are integrated forward and backward in time — these two segments will not meet of course, and so
we patch together these two segments by solving a linearized variational problem. We have written the code
so that the user can input any dynamical system of interest (although we are applying this to the 3 body
problem), with the smoothing of the two segments integrated forward and backward from the endpoints
computed using the Jacobian of the dynamics along these segments (which is computed automatically from
the user supplied routine for the dynamics — we are using the software ADOLC, but ADIFOR would be
another option). Once the smoothing continuous path has been computed, we are able to build a Gaussian
probability density for waypoints at the midpoint of the smoothed path (the “width” and shape of the
Gaussian are determined form the Jacobian of the dynamics along the smoothed path). This provides a
measure of uncertainty in waypoints along a true optimal control solution in a way directly determined by the
error in the smoothed trial trajectory. This process can be hierarchically and recursively continued to
generate a lattice of waypoints. Once this initial phase is complete, we can then use MCMC to survey many
trajectory classes which pass through or near these waypoints.

Goals for FY09 will be to demonstrate the automated search with waypoint generation and MCMC for low-
fidelity trajectory generation for the full 3 body problem. Our main goal is to use the now developed code to
quantify the rate at which accuracy of the ensemble of trajectories increases (i.e. on average) with
computational expense, in order to determine the optimal point at which to call high-fidelity deterministic
optimization routines. In this manner, we will have a method which provably converges to globally optimal
solutions, and provides well-refined initial guess solutions to more traditional deterministic optimization
routines (which suffer from convergence to local minima if not started from an extremely good initial guess).
We anticipate 1 or 2 papers will be written summarizing the method and numerical results obtained.
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